Type 1 diabetes susceptibility at the IDDM2 locus was previously mapped to a variable number tandem repeat (VNTR) 5 of the insulin gene (INS). However, the observation of associated markers outside a 4.1-kb interval, previously considered to define the limits of IDDM2 association, raised the possibility that the VNTR association might result from linkage disequilibrium (LD) with an unknown polymorphism. We therefore identified a total of 177 polymorphisms and obtained genotypes for 75 of these in up to 434 pedigrees. We found that, whereas disease susceptibility did map to within the 4.1-kb region, there were two equally likely candidates for the causal variant, ؊23HphI and ؉1140A/C, in addition to the VNTR. Further analyses in 2,960 pedigrees did not support the difference in association between VNTR lineages that had previously enabled the exclusion of these two polymorphisms. Therefore, we were unable to rule out ؊23HphI and ؉1140A/C having an etiological effect. Our mapping results using robust regression methods show how precisely a variant for a common disease can be mapped, even within a region of strong LD, and specifically that IDDM2 maps to one or more of three common variants in a ϳ2-kb region of chromosome 11p15.
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Type 1 diabetes susceptibility at the IDDM2 locus was previously mapped to a variable number tandem repeat (VNTR) 5 of the insulin gene (INS). However, the observation of associated markers outside a 4.1-kb interval, previously considered to define the limits of IDDM2 association, raised the possibility that the VNTR association might result from linkage disequilibrium (LD) with an unknown polymorphism. We therefore identified a total of 177 polymorphisms and obtained genotypes for 75 of these in up to 434 pedigrees. We found that, whereas disease susceptibility did map to within the 4.1-kb region, there were two equally likely candidates for the causal variant, ؊23HphI and ؉1140A/C, in addition to the VNTR. Further analyses in 2,960 pedigrees did not support the difference in association between VNTR lineages that had previously enabled the exclusion of these two polymorphisms. Therefore, we were unable to rule out ؊23HphI and ؉1140A/C having an etiological effect. Our mapping results using robust regression methods show how precisely a variant for a common disease can be mapped, even within a region of strong LD, and specifically that IDDM2 maps to one or more of three common variants in a ϳ2-kb region of chromosome 11p15. Diabetes 53: 1884 -1889, 2004 T he insulin/IGF-2 variable number tandem repeat (INS-IGF2 VNTR) is situated ϳ600 bp 5Ј of the INS transcription start site and is comprised of 14 -15 bp tandem repeating sequences with the consensus ACAGGGGTSYGGGG (1) . In Caucasian populations, this VNTR has two main size classes. The shorter class I alleles have between 26 and 63 repeat units, and the class III alleles have between 141 and 209 repeat units. Intermediately sized class II alleles are rare in white European populations (1, 2) . Early studies (1, 3, 4) of INS association with type 1 diabetes reported that the class I VNTR homozygous genotype was present at a higher frequency in case subjects compared with control subjects. Subsequent studies of flanking polymorphisms reported that this association was restricted to markers within a 19-kb interval (5) and, later, to a 4.1-kb interval spanning INS (6) . Within this interval there were 10 candidate causal common variants, the VNTR and nine single nucleotide polymorphism (SNPs) (6) . Of these 10 candidates, the strongest disease associations were with the VNTR and the Ϫ23HphI and ϩ1140A/C SNPs (relative risk [RR] for homozygous genotype ϭ 4.5, for all three polymorphisms). A number of additional studies (7) (8) (9) (10) excluded the SNPs in the 4.1-kb region and led to the VNTR being proposed as the etiological variant (11) . This proposal was principally based on the differential association of class III VNTR-bearing haplotypes, the protective haplotype (PH) and very protective haplotype (VPH) (9), a phenomenon most easily explained by sequence variation within the VNTR rather than cis effects of SNP alleles on these haplotypes. In addition, expression studies (12, 13) suggested that the VNTR could directly alter the transcription of INS and IGF2. However, the fine mapping of IDDM2 susceptibility to the VNTR was heavily reliant on the premise that the association was restricted to the 4.1-kb interval. Thus, when Doria et al. (14) reported disease association with a SNP in the 5Ј region of the tyrosine hydroxylase gene (TH) and reinterpreted the findings of Lucassen et al. (6) , it became possible that the IDDM2 causal variant mapped outside the 4.1-kb region.
Here we have performed a more detailed genetic analysis of the IDDM2 region to address the uncertainties surrounding the location of the causal variant.
We identified novel polymorphisms in the region by extensive sequencing and resequencing (online appendix Tables 1  and 2 [available from http://diabetes.diabetesjournals.org]) and, together with additional polymorphisms from published literature and public databases, compiled a much more extensive and dense variant map than had been previously used (in total, 177 polymorphisms) (online appendix Table 3 ). By genotyping polymorphisms in up to 434 affected sibpair families from the U.K. and combining data with those analyzed by Bennett et al. (9), we assembled genotypes for a total of 75 markers across the region. Analysis of parental chromosomes revealed five main regions of strong LD in the TH/INS/IGF2 region and at a neighboring gene, H19 (Fig. 1) . In the central region of 28.5 kb, 21-marker diversity is limited to 16 haplotypes with a frequency Ͼ1%, accounting for 84% of all chromosomes. Within this central region, the ϳ4.1-kb region (6) is identifiable, with diversity limited to four haplotypes with frequency Ͼ1%, accounting for 98% of all chromosomes (Fig. 2) .
Logistic regression analysis, conditioned on parental genotype (15) , of 74 markers (VNTR subclasses excluded) indicated that the strongest association with disease was at Ϫ23HphI ( 2 ϭ 29.58, 1 df [degree of freedom], P ϭ 5.4 ϫ 10 Ϫ8 ) ( Fig. 3A and online appendix Table 4 ), an often-used surrogate marker for the VNTR class I and class III alleles. These two polymorphisms reside in the central ϳ4.1 kb within 600 bp of each other and show near complete concordance (99.77%) in European populations (9, 16) . Other than Ϫ23HphI, a number of markers within the same LD block also had highly significant disease associations. However, it is not apparent from this singlelocus analysis which of the associated variants is likely to be the main influence on disease risk, which are associated due to LD with the primary causal variant (hitchhiking) or which may be associated with disease independently of the primary causal variant. To address this question, we applied the stepwise conditional logistic regression approach (15) . We included the effect of Ϫ23HphI in the regression model and tested the contribution to the model of each locus in turn ( Fig. 3B and online appendix Table 5 ). Of all markers (n ϭ 73) only two (TH/199.1 and TH/227.3) achieved a significance of P Ͻ 0.05 (P ϭ 0.034 and 0.014, respectively). Once the number of tests performed (n ϭ 73) is taken into consideration, these P values suggest that LD with Ϫ23HphI or the VNTR is sufficient to explain the association of the other markers tested. Conversely, we then tested whether LD between any of the other markers and Ϫ23HphI were capable of explaining the association of Ϫ23HphI with disease, i.e., that Ϫ23HphI was possibly associated with disease due to LD with an alternative primary variant. We included the effect of each marker (n ϭ 73) in turn in the regression model and tested the effect of Ϫ23HphI. Ϫ23HphI added significantly to the model in all cases, with the exception of ϩ1140A/C (P ϭ 0.051) (Fig. 3C and online appendix Table  5 ), indicating that ϩ1140A/C could perhaps be just as effective in explaining the association of the region. This result was not unexpected because it has been previously reported (9) that ϩ1140A/C is in very strong LD with Ϫ23HphI. We therefore tested ϩ1140A/C as if it were the primary casual variant. By including ϩ1140A/C in the model and testing the contribution of each other marker in turn, four markers (TH/227.3, allele Z-16 of the TH microsatellite, TH/139.1, and IGF2/A20531C) achieved a significance of P Ͻ 0.05 (P ϭ 0.024, 0.037, 0.0024, and 0.039, respectively) (online appendix Table 6 ). Although ϩ1140A/C does not, on its own, explain the association of the other markers quite as well as Ϫ23HphI, even the contribution of TH/139.1 to the model would not withstand correction for the 73 tests performed. As such, on the basis of the above analyses, ϩ1140A/C must also be considered as a candidate causal variant, along with Ϫ23HphI and the VNTR.
Previously, both Ϫ23HphI and ϩ1140A/C SNPs have been excluded as causal variants (9), based on the observation that these SNPs had the same alleles on both the PH and VPH, and the association of these haplotypes with type 1 diabetes had been shown to differ (P ϭ 0.048). However, because this P value was marginal and no correction for the relatedness of affected individuals was made, we sought to replicate this finding in a larger dataset. Further families from Finland, Romania, Norway, the U.S., Bart's Oxford study, and additional simplex families from the U.K. were genotyped at Ϫ23HphI and ϩ1428FokI, since the haplotypes of these two SNPs distinguish between the susceptible haplotype (A allele at Ϫ23HphI), PH (T allele at Ϫ23HphI and A allele at ϩ1428FokI), and VPH (T allele at Ϫ23HphI and G allele at ϩ1428FokI). In total, 3,722 fully genotyped affected offspring (distributed among 3,056 pedigrees) also had both parents fully genotyped at both loci.
To investigate the PH and VPH association, case and pseudo-control sets were generated in which the phase of the transmitted Ϫ23HphI and ϩ1428FokI alleles was also determined. Of the 3,722 cases in 3,056 pedigrees, phase was unambiguously determinable for 3,585 cases (in 2,960 pedigrees). The resulting haplotypes were then assigned as either PH or VPH, as previously defined (9), or as class I VNTR-bearing (principally the susceptible haplotype). Parental haplotype frequencies and the numbers of families for which phase was determinable in each population are shown in Table 1 . Haplotype risks for the PH and VPH, relative to the class I-bearing haplotypes, were estimated by conditional logistic regression and found to be nearly identical. For the PH, the haplotype risk was 0.46 (P ϭ 2.0 ϫ 10 Ϫ40 , 95% CI 0.41-0.52), whereas for the VPH, the haplotype risk was 0.43 (P ϭ 3.0 ϫ 10 Ϫ22 , 95% CI 0.37-0.51). There was no evidence for population heterogeneity for these haplotype risks using either a seven-population categorization (populations as in Table 2 , 12 df, P ϭ 0.36) or a five-population categorization (U.K. Warren, U.K. simplex, and Bart's Oxford study grouped, 8 df, P ϭ 0.44). The haplotype risks in each population individually are shown in Table 2 . Further tests were constructed to estimate the risks of the six possible haplotype combinations, but no significant evidence for a difference in association between PH homozygotes and VPH homozygotes or between class I/PH and class I/VPH heterozygotes was observed (data not shown). Given all of the above results, it can be concluded that no significant evidence for a difference in association between the PH and VPH is found in these data.
We can conclude that type 1 diabetes susceptibility in this region does map to one (or perhaps a combination) of three common polymorphisms in a ϳ2-kb region at INS, but cannot be mapped precisely to the VNTR. In the absence of a VPH effect, it is unlikely that the resolution of VNTR, Ϫ23HphI, and ϩ1140A/C can be achieved by association studies in European-derived populations owing to the strength of LD between these markers. A study (2) of INS haplotypes indicates that the three polymorphisms are also in very strong LD in subjects from diverse populations. However, if class II VNTR risk were to differ from class III VNTR risk, resolution of these three polymorphisms may be achievable in African populations if sufficient sample sizes were available, perhaps using SNPs on class II-bearing haplotypes as surrogate markers (2) . Despite the current lack of genetic evidence that would enable the resolution of the three remaining candidates for IDDM2, it is noted that the VNTR remains the best candidate. Functionally it contains multiple binding sites for transcription factors such as Pur-1 (13, 17) , and the type 1 diabetes susceptibility at INS has been proposed to arise from different levels of thymic expression (18 -20) , whereas there is no obvious functional role for either of the candidate SNPs. We also note that our previous conclusion, which was based on the existence of a difference in risk between the PH and VPH, that the IDDM2 locus was a dominant protective trait (11) is no longer valid. More generally, in the context of fine mapping susceptibility loci in common multifactorial diseases, our results confirm, as we found for the CTLA-4 gene in Graves' disease (21) , that, despite strong LD, small discrete regions can be pinpointed, providing that sufficient sample sizes are used. This level of mapping resolution greatly reduces the number of polymorphisms that have to be analyzed for functional effects.
RESEARCH DESIGN AND METHODS
All families were Caucasian of European descent, with two parents and at least one affected child. The families were comprised of Diabetes U.K. Warren multiplex from the U.K., U.S. multiplex from Human Biological Data Interchange, Yorkshire simplex from the U.K. and Southwest U.K. simplex, Belfast multiplex/simplex from the U.K., Finnish multiplex/simplex (for references see 21), Norwegian simplex (22) , Romanian simplex (23), and Bart's Oxford simplex/multiplex from the U.K. (24) . All DNA samples were collected with informed consent. Sequence data. Sequence data for PCR primer design were obtained from GenBank (accession nos. L15440, M32053, AC004556, AF087017, M23597, AC006408, and AH010044) and from shotgun sequencing performed by Incyte Genomics of RPCI11 BAC clone number "bA"94F12 (supplied by the Wellcome Trust Sanger Institute, Cambridge, U.K.). Contigs generated from the shotgun sequencing were joined by the generation and sequencing of PCR products spanning the gaps between contigs, and unresolved contig positions and orientations were then resolved by comparison with sequence data obtained using the Celera Discovery System. Data for the region covered by the novel sequence has since been submitted independently by researchers from the Whitehead Institute/MIT Center for Genome Research as accession no. AC132217. SNP identification. SNPs were identified either by denaturing high-performance liquid chromatography as previously described (25) or by sequencing of 32 individuals using BigDye Terminator chemistry and ABI 3700 instrumentation (Applied Biosystems, Foster City, CA). The primers used for SNP identification are shown in online appendix Tables 1 and 2 . Sequence data were processed in the Staden package software (www.mrc-lmb.cam.ac.uk/ pubseq). One hundred sixty-eight polymorphisms were identified, 24 of which had previously been reported in the literature. Combined with seven other SNPs identified from the literature, the VNTR minisatellite and TH microsatellite, a total of 177 polymorphisms were mapped to the TH-INS-IGF2-H19 region (online appendix Table 3 ). Genotyping. Genotype data were obtained from Invader assays (Third Wave Technologies, Madison, WI), TaqMan chemistry (Applied Biosystems), Pyrosequencing chemistry (Pyrosequencing, Uppsala, Sweden), or PCR restriction fragment-length polymorphism digests. The estimated error rate for these technologies was ϳ1% (26, 27) . Additional TH microsatellite genotypes were generated from fluorescently labeled PCR products and sized using ABI 3700 instrumentation and software. Data were combined with those that were previously published (9, 16) . Data analysis. Data were examined for misinheritances using PedCheck (Jeff O'Connell, 1997, 1999, University of Pittsburgh, Pittsburgh, PA) and recombinations using GAS (Genetic Analysis System [http://users.ox.ac.uk/ϳayoung/ gas.html]) and potential genotyping errors removed. Intermarker pairwise estimates of LD (DЈ) were estimated with Stata 7 (Stata, San Mateo, CA) using pwld, which is available as part of the Genassoc package available at www.mrc-bsu.cam.ac.uk/pub/methodology/genetics. SNPs with a parental allele frequency Ͻ5% and multiallelic markers with rare alleles (TH microsatellite and INS-VNTR) were excluded from DЈ estimates to prevent inaccurate estimates due to sparse data. LD blocks were assigned by visual inspection of the matrix of pairwise DЈ estimates. Pseudo-controls were generated and conditional logistic regression analyses performed in Stata 7 using routines from the Genassoc package, according to the method described by Cordell and Clayton (15) . For each affected subject, the corresponding pseudocontrols are assigned all of the other possible genotypes of offspring that could have been generated from the parents. In the subsequent conditional logistic regression analysis, case subjects and pseudo-controls are matched according to the parent-case set that they were generated from. In analyses of SNP haplotypes representing the PH and VPH, phase was determined using the phase option of the pseudocc routine of the Genassoc package. In all analyses, association was evaluated by fitting a conditional logistic regression model (as used in regular matched case-control studies), in which the RR of disease is given by ␤ i x i . . . ␤ j x j , where x i is an indicator variable for the genotypes (or combinations of phased haplotypes) at locus i of j loci included in the test and ␤ i . . . ␤ j are the parameters to be maximized. The fitted model is compared with the appropriate null hypothesis model in which all ␤ i ϭ 0, correcting for nonindependence of sibs by use of robust variance estimation. These analyses were carried out using the rclogit command (from the Genassoc package) within Stata 7. In the case of the TH microsatellite, the values were plotted for the most associated allele (Z-16/106) were uncorrected for the number of alleles tested. P values for association, exon, and SNP positions were plotted for figures using the Generic Genome Browser available at www.gmod.org.
